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ABSTRACT

Total, inhalable and fine particulate matter measurements
acquired by EPA's Inhalable Particulate Network in 1979 and 1980 are
summarized and analyzed in this report. The theoretical collection
efficiencies of different samplers were calculated and compared to
each other and to an acceptable performance range. The measurement
processes and several of the major urban airsheds of the IP Network
are described. The spatial, temporal and statistical distributions of
these measurements are examined. A receptor-oriented model relating
IP to TSP is derived and tested for prediction accuracy under various
situations. A mass balance receptor model is applied to IP and FP
chemical concentrations in four urban areas to estimate the
contributions of various emissions source types to ambient mass

concentrations.
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EXECUTIVE SUMMARY

The advent of a new size-specific standard for suspended
particulate matter mass concentrations has motivated measurement
programs to quantify the concentrations of fine (that portion of
ambient aerosol consisting of particles with aerodynamic diameters
less than approximately 2.5 um) and inhalable (the portion consisting
of particles of aerodynamic diameters less than 15 um) particulate
matter in urban and non—urban parts of the United States. The United
States Environmental Protection Agency (EPA)'s Inhalable Particulate
Network is the most comprehensive of these monitoring programs.
Recently, it has been recommended that a size-specific standard based
on the fraction of ambient aerosol with particle sizes less than
approximately 10 um in aerodynamic diameter be considered, but no such
measurements are yet available.

The data from the EPA and other networks are interpreted in this
report and the extent to which they might apply to a 10 um standard is
evaluated. The topics which are addressed and the major conclusions

derived from them are presented in this executive summary.

Aerosol Sampler Collection Characterisitcs

The products of typical aerosol size distributions and collection
effectiveness curves of IP Network and other samplers, resulting from
wind tunnel study tests, were integrated over particle size to
calculate absolute collection efficiencies. The efficiencies of
different samplers were compared to each other and to an acceptable

performance range. Though dichotomous sampler collection

effectiveness curves do not fall within the acceptable performance
range, the collection efficiency does meet the collection efficiency
requirements of that range under typical wind speeds and particle size
distributions. HIVOL samplers with size-selective inlets satisfy both
collection effectiveness and collection efficiency requirements. The
efficiencies of samplers which would fall within EPA's proposed
acceptable performance window range from 47 to 71% for a typical urban

size distribution. A sampler with an effectiveness curve designed to
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meet the lower limit would sample 66% of the mass of a sampler
designed to correspond to the upper limit. Inlets with 10 um 50%
cut-sizes can be expected to collect between 80 and 90% of the mass
collected with the present dichotomous and HIVOL size-selective

inlets. HIVOL samplers with size-selective inlets and dichotomous
samplers should sample equivalent mass concentrations within 5% of
each other under typical situations. However, under low or high wind
speeds, in particle size distributions with much coarse material, or
when interferences are present in one or both of the samplers, this
equivalency degrades. Results of the collection efficiency model

agree with average ratios determined from ambient measurements. These

average ratlios show substantial variability due to insufficient

knowledge of the ambient particle size distribution and wind speed

during ambient sampling.

The Inhalable Particulate Network Measurement Process

The IP Network made mass, ion and elemental concentration
measurements of total (TSP), inhalable (IP) and fine (FP) suspended
particulate matter at urban and non-urban sampling sites throughout
the United States. The interpretation of these data cannot be
separated from the measurement process.

The study scale is urban-scale with some regional-scale and
neighborhood-scale sites. Most sampling site locations seem to be

representative of the study scales for which they were selected.

A change in the fibrous filter media for high-volume sampling

after the beginning of 1980 could result in differences between

sulfate, nitrate and mass measurements that are products of the

measurement process rather than an environmental cause,

The data validation procedure to which IP Network mass data are
submitted identifies many internal inconsistencies as well as extreme

cases; the total number of these cases amounts to a large portion of

the data base. For the purposes of this report, several of these

flagged values were deleted. Data validation procedures have been

applied only to mass measurements; (no validation flags appear on
reports of chemical composition) and should be extended to ion and

element measurements.
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Tests on high-volume samplers show that coppper emissions from
the motor can interfere with copper measurements from nearby samplers
and that deposition on the filter during standby periods can interfere
with mass measurements.

The comparison of collocated high-volume sampler measurements in
the IP Network is similar to comparisons in other networks showing
average differences between simultaneous samples of less than 54 of
the average mass concentration. Collocated dichotomous samplers have
been shown to attain average differences of less than 10% of the

average IP mass concentration.

Urban Areas in the Inhalable Particulate Network

The urban areas sampled by the IP Network represent a broad

coverage of population, meteorological, and emissions cases. Though

not all urban areas in the United States are represented, the ones

that were chosen include major population centers with varying
population densities. Major particulate matter sources have been
identified and located on maps with respect to IP Network sampling
sites in Birmingham, AL, Phoenix, AZ, Denver, CO, Buffalo, NY,

Philadelphia, PA, Houston, TX and El Paso, TX.

Several of the sites in the IP Network were found to be in

proximity to industrial sources which emit chemical species measured

on IP Network samples. These concentrations can be used to quantify

source contributions to receptors.

Geographical and Seasonal Variability of IP and FP in Urban Areas

Annual arithmetic averages of TP and FP can exceed 90 ug/m3 and
35 ug/m3, respectively, in urban areas, though the typical average

concentrations appear to be approximately 50 ug/m3 and 25 ug/m3,

respectively. Primary standards for annual IP averages in the 55 to

120 ug/m3 range (Hileman, 1981) would find most, and possibly all,

of the sites examined in compliance. This range is tentative and may

have been modified subsequent to the writing of this report.
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Annual 24-hr maximum concentrations of IP and FP can exceed
200 ug/m3 and 100 ug/m3, respectively, in urban areas. Typical
values are approximately 100 ug/m3 for 1P and 60 ug/m3 for FP.

Hileman (1981) cites a 24-hr maximum TP range of 150 to 350 ug/m3

for a primary standard and a 24~hr maximum FP range of 70 to

220 ug/m3 for a secondary standard. Once again, most, if not all IP
Network sites would be in compliance with such a standard. The values
cited by Hileman (1981) are tentative and the form and values of a
24-hr standard may have been modified subsequent to the writing of
this report.

The urban and neighborhood-scale TP and FP measurements vary
significantly from site to site within the areas studied. The
implications are that (1) local (within a few kilometers of the
sampler) sources are significant contributors to IP concentrations and
(2) present spacing between sampling sites may be inadeguate to fully
represent IP concentrations in certain urban areas and neighborhoods.

Seasonal averages of IP and FP tend to peak slightly in the
summer periods, but there are many individual exceptions at IP Network
sites. This conclusion is speculative because of the inadequate
seasonal data available for this report. TIf the conclusion is valid,
then sampling should take place on a yearly basis for the
determination of long-term averages so that all seasons are equally
weighted. A seagsonally-weighted annual average might be a more
appropriate method of calculating the annual average if the number of
samples in one or more seasons differs by a large amount from the

number of samples taken in another season.

Geographical and Seasonal Variability of IP and FP in Non-Urban Areas

——— St bt ot e e

Non-urban average IP and FP concentrations are nominally 30 and
10 ug/m3, respectively, in the western United States and 30 and
20 ug/m3, respectively, in the eastern United States. The number of
non—-urban sites with sufficient data in the West is small, however,
and these observations should carry less weight than those from the

East where independent measurements corroborate each other.
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There is a general seasonal variability of average IP and FP
concentrations in the eastern United States in which the spring and
summer month concentrations are elevated with respect to the fall and
winter months. Independent measurements from different networks
support this conclusion. Though the measurements in the western
United States do not show significant deviations between seasons, the
number of sites examined is too small to allow a general conclusion.

Up to 60% of the IP and 70% of the FP in urban areas can

typically be accounted for by concentrations present at nearby
non-urban sites. This portion varies substantially from site to site

and is based on a limited number of sites, primarily in the eastern
United States. Much of the non-urban concentrations may have

originated from far away anthropogenic sources.

Statistics of IP and FP Concentrations

One percent of the IP Network measurements exceeded 170 ug/m3
for the high-volume size-selective inlet samples (SSI), 150 ug/m3
for the dichotomous IP samples (TOTAL), 80 ug/m3 for FP and
90 ug/m3 for coarse particulate matter (CP) samples.

The cumulative frequency distributions at individual sites show
examples of the TSP patterns advanced by deNevers et al (1979) as well
as approximations to log-normal distributions. The small number of
measurements available at most sites prevents an assessment of the
adequacy of the log-normal and other statistical distributions in
representing IP and FP data.

The geometric and arithmetic averages of IP and FP data sets
normally differ by 5 to 15% with respect to the arithmetic average,
though the difference is as large as 37% for IP Network data. The
ratios of geometric to arithmetic averages which are calculated from
different subsets of all possible measurements at a site are constant
to within +5% until the number of measurements in the subset falls
below five.

Arithmetic averages of IP and FP tend to remain constant, within
+10%, as the number of days between samples is increased. For 15 or

fewer samples this consistency breaks down.
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Maximum concentrations of IP and FP are extremely sensitive to

sample size and can be reduced by 50%4 as the number of days separating
samples is increased. This means that any standard, such as the
present one, which specifies a maximum concentration, should also
specify a sampling frequency, or that other forms of short-term

standards should be considered.

Predicting IP Concentrations from TSP Concentrations

The average ratio of IP to TSP derived from a number of different
data sets was used to predict IP concentrations from TSP
concentrations under a variety of conditions. The predicted values
were compared with measurements taken simultaneously with the TSP
measurements used in the model.

No simple relationship between FP and TSP was found which would
predict FP from TSP with adequate precision. For IP Network data
nearly 70% of the FP predictions differed from the measurements by
more than +20%.

The average ratio model derived from all TP Network measurements
is the simplest relationship between IP and TSP. For size-selective
inlet and dichotomous sampler IP measurements, stratification by site
type does not increase the precision of the model's predictions. The
model is independent of TSP concentrations for size-selective inlet
predictions, but it exhibits a TSP concentration dependency for TOTAL
predictions. Seventy-six percent of the size-selective inlet
measurements and 577 of the dichotomous sampler IP measurements were
predicted to within #20% by this model in the IP Network.

Models derived from simultaneous TSP and IP sampling at a single
site in an industrial neighborhood predicted IP concentrations from
TSP concentations at nearby sites in the neighborhood with a precision
which was comparable to the difference in TP measurements obtained
from nearby sampling sites.

Arithmetic average IP concentrations at IP Network sites were
predicted from TSP concentrations to within #20% for all
size-selective inlet IP maxima and for 89% of the dichotomous sampler
IP maxima. This degree of uncertainty may be adequate for estimating

1P averages for compliance purposes in certain situations.
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Maximum IP concentrations at IP Network sites were predicted from
TSP concentrations to within +20% for 77% of the size-selective inlet
IP maxima and for 60% of the dichotomous sampler IP maxima. The
uncertainty associated with predicting maximum concentrations was
comparable to that associated with predicting any concentration,

irrespective of its magnitude.

IP and FP Composition and Sources

The chemical compositions of total, fine and coarse suspended
particulate matter concentrations from sites in Buffalo, NY, Houston,
TX, E1 Paso, TX, Philadelphia, PA and in the Bridesburg industrial
area of Philadelphia were studied to identify and quantify likely
source contributions to the fine and coarse particulate matter
fractions. Microscopic analysis of the coarse fractions of several
samples was performed to identify source contributions.

The identification of likely contributors based on the
geographical proximity of a major source to a receptor identified from
emission inventories and site survey was often confirmed by chemical
concentration measurements and receptor model source contribution
calculations.

The chemical element balance and microscopic properties balance
receptor models exhibited major limitations. Despite these limits it
appears that major contributors to IP Network sites in the eastern
United States for the periods under study were: unaccounted-for
sulfate (possibly from the conversion of SOZ) and motor-vehicle
exhaust in the average fine particle fraction and geological material
and possibly biological material in the average coarse particle
fraction. Industrial point sources showed small (less than 1 ug/m3)
contributions to both size fractions at urban-scale sites in most
cases. Data were insufficient to apply these observations to western
sites.

In an industrial neighborhood, where a number of sources were
located in close proximity to each other and to the IP Network
samplers, the average source contributions to the coarse fraction

varied between sites even though the average inhalable particulate
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matter mass concentrations were roughly the same. A receptor model

approach to quantifying source contributions in such a neighborhood

may require more than one sampling site.

In general, the IP Network has accomplished its goals of
providing a data base from which certain observations can be made and
hypotheses can be formed. The data included in this report, however,
are too limited to draw conclusions and many of the interpretation
efforts made here should be applied again when the data base is more
complete. If some of the recommendations of this report concerning IP
Network sampling, analyses and reporting are put into effect, the

value of the data base to researchers will be increased substantially.
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CHAPTER 1
INTRODUCTION

The primary National Ambient Air Quality Standards for suspended
particulate matter were established with the Clean Air Act of 1970.
The sampling methods and values of these standards were based on the
best technical information available at that time concerning the
quantification of total suspended particulate matter (TSP, the mass
per unit volume of particles with aerodynamic diameters less than
approximately 30um) concentrations (Federal Register, 1971) and the
effects of those concentrations on public health (U.S. HEW, 1969).

The state of knowledge concerning the ambient aerosol, its
sampling and its adverse effects has advanced considerably in the past
decade. The Clean Air Act Amendments of 1977 recognize the value of

this increased knowledge in the modification of present standards:

""Wot later than December 31, 1980, and at five-year
intervals thereafter, the Administrator shall complete a
thorough review of the (air quality standard setting)
criteria...and the (existing) national ambient air quality
standards...and shall make such revisions in such criteria
and standards and promulgate such new standards as may be
appropriate...'"(US House of Representatives, 1977, p. 7).

The National Ambient Air Quality Standards will be set based on a
thorough review of the property damage and adverse health effects
research. The first drafts of this review have been completed. The
most important implication of the studies included in this review is
that new standards for suspended particulate matter must be related to
particle size as well as to mass concentration.

Miller et al (1979), after surveying experiments measuring the
relative amounts of particulate matter deposited in different parts of
the body as a function of particle aerodynamic diameter, concluded
that:

"...there is no standard conducting airway deposition curve,

and hence, there appears to be no clear basis for
establishing a particle size range which is exclusively
restricted to the conducting airways."



They do note, however, that less than 10%4 of the particles with

aerodynamic diameter greater than 15 um penetrate to trachea and state

that:

"...15 um would be a reasonable particle size cut-point to
include in the design of a sampler which would differentiate
particles deposited in the upper vs. lower respiratory
tract."

Particles in the 2 to 15 um size range tend to deposit in the
conducting airways of the respiratory system, while the majority of
particles of aerodynamic diameter less than 2 um penetrate to the gas-
exchange areas of the lungs. Though they recognize that this

penetration is variable, Miller et al (1979) propose:

"...a cut-point anywhere between 2 and 3 um would reflect
particle deposition primarily associated with the
gas—-exchange areas of the lung..."

The exact size ranges to be monitored and the maximum
concentrations to be allowed by a new set of standards have not yet
been specified. The Clean Air Scientific Advisory Committee of the
Science Advisory Board of U.S.EPA recommended in its meeting of
July 29, 1981 that a 10 um upper size limit be used in establishing
standards to protect public health. While this recommendation is not
binding, it provides a reason to more thoroughly evaluate aerosol
concentrations in the 0 to 10 um size range as well as those in the 0
to 15 um range.

Until the new standards are issued, the identifier applied to the
mass concentration in the 0 to 10 or 15 um aerodynamic diameter size

range is inhalable particulate matter (IP). The name given to mass

concentrations in the 0 to 2.5 um aerodynamic size range is fine

particulate matter (FP).

When a standard is promulgated, EPA's Office of Air Quality
Planning and Standards (OAQPS) must direct the state and local
agencies responsible for compliance monitoring to collect data
appropriate for judging whether or not an area is in attainment of the

standards. The states, in turn, must propose particulate matter
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emissions reductions which will bring the areas into attainment. When
the standards are promulgated, sampling equipment specifications,
sampler siting, and sampling frequencies must all be tailored to the
acquisition of data compatible with those standards. Both areas in
attainment and in violation of the present standard must gain an
understanding of their status under the new standard. Areas with
approved control strategy implementation plans must predict the
efficacy of those plans for meeting the requirements of the new
standards.

To understand these regulatory and monitoring aspects of a
size-classified suspended particulate matter standard further, the
Environmental Protection Agency's Environmental Monitoring and Support
Laboratory has deployed an Inhalable Particulate Matter Sampling
Network in key regions of the United States (Rodes, 1979). Ninety-six
sampling stations came on line in 1979, with additional sites added in
1980 and 1981. This network was designed to sample IP in the 0 to
15 um size range. Since its deployment, size-selective sampling
inlets have been developed and are being tested which will sample IP
in the 0 to 10 um size range. When field tests are complete and
commercial manufacturers provide a sufficient number of these inlets,
IP data in the O to 10 um size range will be acquired at existing IP
Network sites. In the interim, estimates of these concentrations will
have to be made from the 0 to 15 um data.

This Inhalable Particulate Network measures particulate matter
concentrations in three size ranges (0 to 30 um, 0 to 15 um and 0 to
2.5 um). Tts coverage is meant to be representative of geographical,
climatological, emissions and population areas in the United States,
but it is not as extensive in space and time as the existing HIVOL
compliance network. Sampling frequency is every 3 or 6 days.

The data from this network include mass concentrations of total,
inhalable and fine suspended particulate matter (TSP, IP and FP,
respectively). Selected samples are submitted to chemical analysis to
determine elemental and ionic concentrations for TSP, IP, and FP

fractions. Several special sampling studies have been undertaken.
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The purpose of this study is to begin to answer a specific set of
questions about fine and inhalable suspended particulate matter.
These questions appear in Table 1.1; they are the questions most
commonly asked by those who deal with air quality standards. They
were posed by the network designers at EPA/OAQPS to guide the
establishment and operation of the network.

A three-phase approach was used in this study:

The first phase resulted in a review of relevant literature
related to the topic being addressed. This survey of past work was
meant to suggest technical approaches to the interpretation of IP
Network data, to evaluate the validity of those approaches, and to
provide perspective to the conclusions drawn.

The second phase stated certain hypotheses related to the
questions of Table 1.1 which could be confirmed or refuted using the
IP Network data.

The third phase devised a model consistent with the IP Network
data which supported or negated the hypotheses. T1f the data or the
model were insufficient, then an assessment of the additional data or
model development required was made.

It was not expected that all of these questions would be answered
in their entirety in this report, or that the data collected in the IP
Network would ultimately be sufficient to deal with them. Their
statement here, however, sets several objectives to be accomplished.
Where IP Network measurements were found insufficient to answer the
questions, measurements from other studies were examined or new
measurements were suggested which might reach those objectives in the
future.

This report consists of ten chapters. The first, this
introduction, explains the purposes and objectives of the study, the
generalized technical approach, and previews what is to come in
subsequent chapters. Chapters 2 through 4 are dedicated to the tenet
that the interpretation of data should be done with an understanding

of the process of acquiring those data. Environmental measurements



TABLE 1.1
QUESTIONS CONCERNING INHALABLE PARTICULATE MATTER

SOURCES OF IP

-What are the probable sources of inhaled particulate matter
(IP) in urban areas; in rural areas?

-What are the sources and the relative impact of particulate
matter from: (a) exhaust from mobile sources (gasoline
versus diesel), (b) stationary sources, (non-ducted versus
ducted), (c) secondary particles (sulfates, nitrates,
organics), and (d) fugitive dust sources such as
re-entrained dust from paved versus unpaved roads on ambient
inhaled particle levels?

-What are regional differences in the sources of IP?

MASS, CHEMICAL, ELEMENTAL AND SIZE CHARACTERIZATION

-What are the differences and similarities in mass, size,
elemental, and chemical composition concentrations from
urban area to urban area, urban area to rural area,
industrial city to non-industrial city, eastern versus

western urban area, and heavily populated versus lightly
populated areas?

-What is the range and average of mass, size, elemental and
chemical composition in these areas? How do mass
concentrations of IP and FP relate to the TSP levels in
these areas (ratio of FP and IP to TSP on both daily and
annual basis)?

-How do data from HIVOL, dichotomous sampler and
size-selective HIVOL compare?

-What are the causes of variations in the ratio of IP to TSP?

SPATIAL PATTERNS

-For an urban area, what is the spatial distribution of
ambient IP concentrations? Are concentrations relatively

uniform across an area (indicating uniform source
contributions) or are there hot spots (indicating local
source contributions)?

-What are variations in TP concentrations among site types;
by land use?

~What 1s the vertical and horizontal distribution of IP near
sources?

1-5



TABLE 1.1 (Continued)

-Are the gradients of IP significant with respect to
instrument siting and control strategy development?

-What is the scale of representativeness of IP monitors and
how many monitors would be needed for urban areas of various
sizes?

TEMPORAL PATTERNS

~What is the diurnal variation, weekday to weekend variation

and seasonal variation of IP concentrations within an urban
?

area?

-How does the chemical composition of IP change with each of
these time periods?

TRANSPORT/TRANSFORMATION/BACKGROUND

-0f the inhaled particulate matter measured in urban areas,
how much is locally generated and how much is transported
into urban areas from upwind sources?

-How much of this transported particulate matter is sulfate?

-What are the probable sources of sulfate particles in urban
areas?

-How much sulfate is emitted directly as sulfate (primary
sulfate) and what are the major sources of primary sulfate
(e.g., oil fired power plants)?

-What is the origin of the sulfate being transported into
the urban area?

-What is the scale of transport and where are the major
concentrations (clusters) of the precursors located
geographically?

~-What is the impact of the Ohio River Valley on eastern U.S.
IP levels?

-What are the particle removal processes and how do IP
concentrations decrease as distance from the urban areas
increases?

-What is the background level of IP on both a mass and
chemical composition basis?

~What is the source of the material?

~How do background levels differ in various parts of the
Nation?
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tend to lose their identities once they enter a large computerized
data bank. They seldom carry confidence intervals or information
pertaining to their sampling and analysis.

Chapter 2 contains a detailed description of the aerosol sampler
characteristics. Since any new particulate matter standard is likely
to be size-specific, it is imperative that the particle size
collection characteristics of aerosol samplers used to collect TSP, IP
and FP are known. Wind tunnel tests have provided estimates of these
characteristics and these tests show the variation of the particle
size collection effectiveness of dichotomous samplers with wind
speed. Integration of the product of collection effectiveness and
typical concentrations in different size fractions of ambient aerosol
allows the magnitude of this variation to be estimated. The
comparability of O to 15 um and O to 10 um measurements is also
evaluated by this method.

Chapter 3 presents the IP Network sampling process in detail,
geographically locating the areas sampled and, to the extent which
information is available, describing the sampling sites. Filter
media, field sampling, filter handling and processing, chemical
analysis, and data validation procedures are also summarized.
Reproducibility of measurements via collocated sampling provides the
best estimate of the precision to be attached to each value in the
data base. An estimate of this precision is important to the
comparison of one data value with another; if the confidence intervals
around two measurements overlap, then there is no basis for finding
any difference between them. This estimate is made in Chapter 3.

Most of the TP Network sampling sites are located in urban
areas. To answer the questions in Table 1.1 about the sources of
inhalable particulate matter and the effects of air movement, the
types of sources in these urban areas and their locations with respect
to the sampling sites should be specified. Eventually, all urban
areas sampled by the IP Network need to identify the particulate
matter sources and their locations if the sources of IP and FP
concentrations are to be quantified. 1In Chapter 4 of this report, the
character of the industrial sources and their relative location with

respect to the TP sampling sites for some of those urban areas have



been compiled. Average meteorological values related to air pollution
have been tabulated. Previous studies of the source contributions to
the different urban areas have been reviewed and summarized. This
documentation will be referred to in later chapters to explain the
results of ambient sampling.

Chapter 5 examines the spatial variability of size-classified
aerosol concentrations with an eye toward relating those
concentrations to sources and also to estimate the density of sampling
sites required to represent a single land use area with one sampler.

The non-urban concentrations of size-classified suspended
particulate matter is studied in Chapter 6. Data from the Sulfate
Regional Experiment (SURE, Mueller and Hidy et al, 1981) and from
non-urban sampling sites in the IP Network are compared to the
concentrations in urban areas. The non-urban concentrations provide
upper limits of aerosol mass transported into the urban areas.

The statistical distribution from which pollutant concentrations
are drawn is an important consideration in estimating statistics from
subsets of all possible data. Log-normal distributions have been used
to describe air pollution data in the past. Several patterns of
deviations from these distributions have been observed in the analysis
of TSP concentrations from HIVOL samplers. 1In Chapter 7, these
patterns are sought in the size-classified data from the IP Network
and the validity of a log-normal distribution assumption to describe
the data is evaluated. Geometric and arithmetic means are compared as
reasonable statistics against which to evaluate a standard.

Until a more extensive network of size-classified monitoring
sites is deployed, it will be necessary for many communities to
estimate their IP concentrations from existing HIVOL TSP
measurements. These estimates cannot be used to determine compliance
with a standard -- only actual measurements can do that., These
estimates would serve as guidance in network design and short-term
planning. Chapter 8 derives a receptor-oriented model for relating IP
to TSP concentrations and estimates the accuracy with which IP
predictions can be made from HIVOL measurements. The usefulness of
this model is evaluated against data from the Inhalable Particulate

Network.
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The major sources of IP and FP are not necessarily the same as
the major sources of TSP. Yet the identification of IP and FP sources
will become paramount as new control strategies are developed to meet
new standards. In Chapter 9 the results of the previous chapters are
combined with the results of chemical and microscopical analyses of
special-study samples in a receptor-oriented model to quantify within
specified confidence intervals the types of sources contributing to
ambient size-classified aerosol concentrations.

Finally, Chapter 10 summarizes the work of all chapters. The
limitations of the present data set with respect to answering the
questions in Table 1.1 are pointed out. The requirements of future
sampling and analyses necessary for obtaining more definitive answers
are stated.

It is impertant to reiterate that while this report addresses the
questions of Table 1.1 within the constraints of data from the
Inhalable Particulate Network, it does not answer them all. The cost
of designing experiments to address all of them was prohibitive.
Difficulties in network start-up caused many size-classified samples
to be missing or invalidated. Delays in data processing and analysis,
and the time constraints imposed on the data interpretation phase of
this project meant that much less than one year of data were reviewed
from many sites. The majority of the interpretive efforts were
dedicated to measurements acquired between May, 1979 and June, 1980.
For some applications summary statistics from October, 1979 to
September, 1980 were used. Size classifying inlets for 0 to 10 um
monitoring were not available. The chosen sampler locations, sampling
frequency and sample duration limited the information available for
answering questions about spatial and temporal distributions. Many of
the conclusions drawn from the technical approaches taken here are
limited by this lack of completeness. As new and more complete data
become available from the IP Network and other monitoring programs,
they should be used to test the conclusions drawn in this report and
to advance new ones. The hypotheses presented herein offer
opportunities for some fascinating speculations about the
distribution, transport and sources of suspended particulate matter in
various size ranges in the United States. They remain to be tested,

modified and retested to establish their veracity.
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CHAPTER 2

AEROSOL SAMPLER
COLLECTION CHARACTERISTICS

The purpose of the IP Sampling Network is to create a data base
of measurements as a function of particle size. The definition of the
particle sizes collected depends on the instruments used for their
collection. In this chapter the instruments used to obtain the
samples from which the data in this study were derived are described.
The particle size collection characteristics of different samplers
which are intended to sample the same and different mass fractions of
the total ambient aerosol are studied and compared. The results of
the theoretical treatment are compared with a number of actual ambient

measurements to evaluate their validity.
2.1 1P Network Sampler Configuration and Collection Effectiveness

Each sampling configuration was designed to include a standard
11 1/2" x 15" high volume (HIVOL) sampler, a HIVOL equipped with a
15 um size-selective inlet (SST) and flow controller, and a
Sierra 244, 244E or Beckman SAMPLATR virtual impactor (also termed
dichotomous sampler). Wedding (1980b) provides good illustrations of
the SSI, Sierra and Beckman inlet constructions, while Dzubay and
Stevens (1975) explain the operation of virtual impactors. All sites
were equipped with HIVOL samplers. Due to technical and procurement
difficulties, some sites possessed a HIVOL(SSI) without a dichotomous
sampler, others had a dichotomous sampler without a HIVOL(SSI), while
other sites had neither. The precise configuration at a given site is
specified in Table A.1 of Appendix A as explained in Chapter 3. Where
the lack of measurements from a missing sampler caused a significant
effect on the interpretation process, that effect will be noted.

The sampling configuration was intended to measure Total,
Inhalable, and Fine Suspended Particulate Matter concentrations. The
definitions of Total, Inhalable and Fine Suspended Particulate Matter

(Lioy et al, 1980) are:
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° Total Suspended Particulate Matter (TSP): TSP is that
portion of suspended material which is normally collected by
a high-volume filter sampler for 24-hr and has 50% cut-size
(the particle aerodynamic diameter at which one half of the
particles penetrates the inlet and one half does not)
ranging from 30 to 65 um for wind speeds between 2 to
24 km/hr. (McFarland et al, 1979)

° USEPA "Inhalable'" Particulate Matter (IP): Miller et al
(1979) proposed as "inhalable" dust that portion collected
by a sampler with a 50% cut-size of 15 um. A similar
definition would be the Thoracic Fraction (TF) since these
are the particles that can enter the trachea and lungs and
contribute toward the production of health effects generally
associated with ambient particulate pollution, such as
bronchial cancer, bronchitis and emphysema (Lippmann,

1980). More recent proposals impose a 50% cut-size of 10 um.

° Fine Particulate Matter (FP): FP is that portion of an
aerosol which penetrates a particle collector with a 50%
cut-size of 2.5 um. Depending on the penetration curve used
for comparison (American Conference of Governmental
Industrial Hygienists (ACGIH) or the British Medical
Research Commission (BMRC)), FP could be nearly equal to,
but generally smaller than the concentration known as the
"respirable'" fraction, which is defined by ACGIH and BMRC as
the fraction which penetrates through the conductive airways
of the lower respiratory tract (tracheobronchial tree) of
healthy adults and is available for deposition in the
nonciliated (alveolar) zone of the lung (Miller et al, 1979).

There is no sampling instrument which can collect all particles
less than and no particles greater than a certain aerodynamic
diameter. Only recently have standardized wind-tunnel methods been
developed (Ortiz, 1978; McFarland et al, 1979b; Wedding et al, 1977)
to measure the particle size collection characteristics of different
aerosol sampling inlets under variable wind speed conditions. An
understanding of these characteristics is central to the comparison
and interpretation of inhalable particulate matter measurements.

The collection effectiveness curves of the sampling devices used
in the TP Network are presented in Figures 2.1.1 and 2.1.2. Included
in each diagram is the acceptable performance range suggested by EPA
and reported by Ranade and Kashdan (1979) for sampling inhalable
particulate matter.

Figure 2.1.1 also includes a collection effectiveness curve with

a 50% cut~size of 10 um. This curve was obtained by shifting the
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15 um (HIVOL)SST curve. The slope of the 10 um curve as defined by
the parameter, s (McFarland et al, 1980b), is 1.35.

where

particle size for which collection effectiveness is 16%.

D 16

D

g4 = particle size for which collection effectiveness is 84%.

For comparison purposes, a perfect 10 um collection effectiveness
curve with a slope equal to 1 is considered in Figure 2.1.1. The
first item of note is that the collection effectiveness of the
dichotomous sampler inlet and of the HIVOL sampler inlet are dependent
on wind speed for aerodynamic particle diameters greater than 7 um.
The tests done by Wedding et al (1980a) on the inlet to the Sierra 244
at 5 km/hr wind speeds and McFarland et al (1979a) on the Beckman
SAMPLATR inlet at 2 km/hr wind speeds are significantly different even
though the designs of these inlets are similar. Simultaneous ambient
sampling under the same wind speed conditions shows the measured mass
concentrations collected through the two inlets to be different
(Grantz, 1981). McFarland et al (1979a) measured 50% cut-sizes of
15.5, 13 and 10 um under wind speeds of 2, 8 and 24 km/hr,
respectively, for the Beckman inlet while Wedding et al (1980a)
measured 50% cut-sizes of 22, 15, and 9.5 um under wind speeds of
S km/hr, 15 km/hr and 40 km/hr for the Sierra 244 inlet. These two
tests show significant differences between collection effectiveness of
dichotomous samplers under various wind speeds and between each other
at similar wind speeds.

Though the methodologies of the Wedding and McFarland tests are
essentially the same, they have not been demonstrated to be
equivalent. A method of standardizing these tests needs to be
developed. Wedding must test the Beckman inlet, McFarland must test
the Sierra inlet and more simultaneous samples must be taken to
resolve the discrepancy. This type of interlaboratory testing and

simultaneous sampling should be carried out on all inlets which will
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be used in large scale sampling programs. The other possibility is
that there are significant differences in the particle size collection
characteristics of the Beckman and Sierra inlets.

McFarland et al (1979b) tests of the HIVOL collection
characteristics show not only variability with wind speed; collection
effectiveness also varies with wind direction because of the
instrument's asymmetric design. At 20 km/hr wind speeds, the
collection effectiveness of 23.5 um particles varies from 90% when the
wind vector is perpendicular to one of the flat sides of the sampler,
to 57% when the wind vector points to the corner of the HIVOL inlet.

The wind tunnel tests of the circular HIVOL size-—selective inlet
show its collection effectiveness to be virtually independent of wind
speed. McFarland et al (1979b) measured a 15 um 50% cut=-size under
2 km/hr, 8 km/hr and 24 km/hr wind speeds. Wedding (1980b) found 50%
cut-sizes for the HIVOL(SSI) of 13.4, 14.4, and 12.5 um at the same
respective wind speeds which differs from the McFarland tests to a
lesser degree than that exhibited between the dichotomous sampler
tests. This agreement for the HIVOL(SSI) inlet lends credence to the
equivalency of the two wind tunnel tests and suggests that there may
be significant differences between the Beckman and Sierra particle
collection characteristics.

Because of the difference in collection effectiveness curves, IP
data reporting should also include the sampler used to collect the
measurements and typical wind speeds under sampling conditions. In

this report, the operational definitions of aerosol samples will be:

° HIVOL: TSP collected by the HIVOL sampler irrespective of
wind speed. Nominally O to 30 um size range.

) SSI: IP collected by the HIVOL equipped with a
size-selective inlet. Nominally 0 to 15 um size
range.

° TOTAL: IP expressed as the sum of FINE and COARSE
concentrations collected with a Sierra 244 or
Beckman SAMPLAIR dichotomous virtual impactor

sampler, irrespective of wind speed. Nominally 0
to 15 um size range. The wind tumnel tests suggest

that Beckman and Sierra samples should receive
different designations. The EPA data base does not
provide this information.

2~6



. FINE: FP collected by the fine stage of the dichotomous
virtual impactor sampler and corrected for fine

particulate matter which ends up on the COARSE
filter. Nominally O to 2.5 um size range.

) COARSE: Coarse Particulate matter (CP) collected by the
coarse stage of the dichotomous virtual impactor
sampler and corrected for fine particulate matter,
irrespective of wind speed. Nominally 2.5 to 15 um
size range.

2.2 Collection Efficiencies of 1P Network Samplers

Given the results of these wind tunnel tests, there is no doubt
that different samplers under different ambient conditions measure
different fractions of the total suspended particulate matter. The
question of how much difference should be expected between
simultaneous measurements with different instruments has been examined
as follows.

The mass of particulate matter collected by a sampler in a
particle size range is equal to the mass of the particulate matter in
the air in that size range times the average collection effectiveness
of the sampler over that range. If the ambient mass concentrations
are distributed as a function F(D) of aerodynamic particle diameter,
D, and the collection effectiveness of the sampler as a function of
particle size is E(D) then the mass concentration, C, measured by the

sampler is

C =/ F(D) E(D) dp 2-1
0

The particle size distribution, F, is also a function of space
and time while E is also a function of wind speed. For the purposes
of this discussion, these variables will be held constant for
calculating values of C.

The effectiveness of the IP Monitoring Network inlets, E(D), are
presented in Figures 2.1.1 and 2.1.2. It remains to choose an

appropriate particle size distribution function, F(D).
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Atmospheric aerosols have been observed to have a bimodal mass
distribution (Junge, 1963; Whitby, 1978; Whitby and Sverdrup, 1980;
Brock, 1973; Lundgren and Paulus, 1975) with a minimum in the
neighborhood of 2 um. Those particles less than 2 um in aerodynamic
diameter can be broadly classifed as fine and those with diameters
greater than 2 um are termed coarse. There is further evidence of
these modes being log-normal and additive. Fine aerosols are
generated primarily by condensation while coarse aerosols are produced
for the most part by mechanical processes.

Whitby and Sverdrup (1980) fitted three additive log-normal
functions to atmospheric aerosol measurements made with optical
particle counters. These fits of additive log-normal distributions to
ambient measurement were found to be applicable under a variety of
circumstances as evidenced by low reduced chi-squares statistics.
Whitby and Sverdrup (1980) formulated seven different categories into
which their hundreds of fitted distributions fell. 1In all of these
categories, more than 907 of the aerosol volume was concentrated in
the superposition of two log-normally shaped modes. Lundgren and
Paulus (1975) also found atmospheric aerosols to have bimodal mass
distributions which could be fitted by two additive log-normal
distributions.

The fine and coarse modes have been observed to have geometric
mean diameters in the range of .2 to .7 um and 3 to 30 um,
respectively. The geometric mean diameter and geometric standard
deviation for selected categories are listed in Table 2.2.1.

The atmospheric aerosol mass distribution, assuming it to be

additive bimodal log-normal, may be represented by

(InD - 1n Df )2 (ln D - 1n Dc)2
1 P - (a-p) -
F(D) = e ( 2 + e 2 2-2

T 1n Gf 2 1In Gf 1n O'c 2 1n o;:

where

P = the fractional mass in the fine mode and 1-P is the
fractional mass in the coarse mode

D = particle aerodynamic diameter
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TABLE 2.2.1
GEOMETRIC MEAN AERODYNAMIC DIAMETERS
AND GEOMETRIC STANDARD DEVIATIONS FOR
SELECTED ATMOSPHERIC PARTICLE SIZE DISTRIBUTIONS

Fine Mode Coarse Mode
Geometric Geometric
Mean Geometric Mean Geometric
Aerodynamic Standard Aerodynamic Standard
Diameter Deviation Diameter Deviation
Ae¥o§ol ' Df o D¢ o
Classification (um) f (um) c
Averagea .38 2.02 10.20 2,26
Urban
Averageb .50 5.0 20.00 2.00
Background 47 1.84 7.27 2,12
and Aged Urban
Plumea
Marinea .39 2.0 19.30 2.70

AWhitby and Sverdrup (1980). Optical diameters, D,, reported in this
reference have been converted to aerodynamic diameters, Da, by Da =
JE"DO where a density, p, of 1.7 gm/cm3 has been used for the
fine mode and 2.6 gm/cm3 has been used for the coarse mode. While
this approximation may not be true in all cases, it is legitimate for
making comparisons between the collection efficiencies of different
samplers under a variety of circumstances.

bLundgren and Paulus (1975).
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D¢ & D, = the geometric mean aerodynamic diameters
for the fine and coarse modes, respectively

Q
H
o

Q
I

e the geometric standard deviations for
the fine and coarse modes, respectively.

The parameters P, Df, Dc’ O¢ and a, in Table 2.2.1 are fitted by

minimizing the sums of the squares of the differences between F(D),

integrated over the same size range as an ambient measurement, and the

fraction of the total mass measured in that size range. Equation 2-2,

with appropriate parameters is an appropriate F(D) to be used in
Equation 2-1.
The integral of Equation 2-1 was calculated by dividing the

interval from 0 to 100 um into regions over which the natural

logarithm of the particle diameter was equal to .2 . For the ith

interval

aQ
]

F(Di)E(Di)Aln D 2-3

.2 F(D.)E(D.)
1 1

The particle diameter at which F(D) was evaluated via
Equation 2-2 was chosen as the center of the interval. E(D) was read
from the curves of Figures 2.1.1 and 2.1.2 at the same value of 1n D.

The summation of fractional mass concentrations, ZC;, over all
intervals between 0 and 100 um gives the fraction of the total mass
collected by the inlet under consideration. The maximum error -
introduced by numerical approximation over the intervals was estimated
to be less than 3% by dividing a few intervals with the most rapid
change of F(D)E(D) into smaller intervals and comparing the integrals
with those obtained for the larger interval.

Other sources of errors in this treatment result from the
simplification with respect to real aerosol size distributions
inherent in equation 2-1, measurement uncertainties of the collection
effectiveness curves, and the lack of consideration of mass

measurement interferences (two such interferences, artifact formation
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and passive deposition, are identified in Chapter 3 as agents which
could affect the mass measured by IP Network samplers). For the
present analysis these errors are noted, but not quantified.
Limitations imposed on the conclusions because of these shortcomings
will be noted where appropriate.

The collection efficiency of the sampler (i.e. mass collected by
inlet/total suspended mass) for the size distributions specified by
the parameters in Table 2.2.1 and the collection effectiveness curves
in Figures 2.1.1 and 2.1.2 were calculated and are presented in
Table 2.2.2. The fine particle fraction, P, of the total mass was set
equal to .33 and .5 for these calculations. This study and others
show this to represent a reasonable ambient range.

A close examination of the results in Table 2.2.2 provides some
important insights into the variability of the different IP Network
sampler inlets, and two hypothetical 10 um inlets, with respect to
particle size distributions, wind speeds, and the proposed acceptable
performance range for 15 um inlets.

The collection efficiencies of all inlets under all wind speed
conditions vary with particle size distribution. The efficiencies
increase as the total aerosol mass is shifted toward the smaller
particles because the collection effectiveness increases as particle
size decreases. The lowest efficiencies are obtained for the urban
average and marine distributions, which Table 2.2.1 shows to have the
largest geometric mean aerodynamic particle diameters (approximately
20 um) in the coarse mode. At average wind speeds of 8 to 15 km/hr
expected at TP Network sites, TOTAL collection efficiencies range from
.52 to .87, SSI efficiencies range from .55 to .89, and HIVOL
efficiencies range from .76 to .96 for the size distributions
considered. The size distribution which is the most representative of
the majority of IP Network sites is probably the urban average
(Lundgren and Paulus, 1975) with P = .33. For this distribution, the
TOTAL, SSI and HIVOL collection efficiencies at typical wind speeds
are .52, .55 and .76, respectively.

The variation of sampler collection efficiency with wind speed 1is
most pronounced for the TOTAL and HIVOL samplers. For the urban

average size distribution (P = .33) the collection efficiency of the
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TOTAL sampler decreases from .67 to .42 as wind speeds rise from

5 km/hr to 40 km/hr. These extremes represent variations of +29% and
-19% with respect to the collection efficiency under typical

(~15 km/hr) wind speed conditions. For the HIVOL sampling the same
size distributions, efficiencies decrease from .89 to .70 as wind
speeds increase from 2 km/hr to 24 km/hr. These extremes constitute
+17% and -8% deviations with respect to typical wind speed conditions.

The upper and lower collection efficiencies of the proposed
acceptable performance range (Ranade and Kashdan, 1979) for 15 um
inlets offer a considerable range for possible collection
efficiencies. The acceptable performance range exhibits +29% and -15%
deviations with respect to the SSI collection effectiveness curve,
which falls in the center of the range (see Figure 2.1.1).

The dichotomous sampler (both Sierra and Beckman) and the SSI
collection efficiencies fall within the efficiency limits of the
acceptable performance range regardless of the size distribution
sampled and the wind speed with the exception of the Sierra sampler
under 40 km/hr wind speeds. This is in contrast to their collection
effectiveness curves illustrated in Figures 2.1.1 and 2.1.2 for which
only the SSI sampler meets the criteria.

HIVOL collection efficiencies are marginally within those
corresponding to the upper limit of the acceptable performance range
under 24 km/hr wind speed conditions, but they exceed this limit for
all size distributions in 2 km/hr and 8 km/hr winds.

Both of the hypothetical 10 um inlets exhibit collection
efficiencies less than that of the lower boundary of the acceptable
performance range for 15 um inlets.

The predicted collection efficiencies for the HIVOL (ranging from
70 to 96%) are generally lower than the 97% + 3% observed by Lundgren
and Paulus (1975). The apparent reduction in overall collection

efficiency could be due to:
. Mass measurement interferences (e.g. passive deposition and
artifact formation) not included in the model

' The error introduced by the bimodal log-normality assumption
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° Errors due to the extension of the HIVOL collection
effectiveness curve beyond the experimental data points

. The HIVOL collection effectiveness curve generated with the
use of uniform oil droplets (McFarland et al, 1980) not
being quite the same as that of the airborne particles
sampled by Lundgren and Paulus (1975)

No data on the absolute collection efficiencies of the

dichotomous samplers and the HIVOL size selective inlets under ambient

conditions have yet been acquired.

2.3 Relative Collection Efficiencies of Different Sampler Inlets

Each of the IP sampler collection effectiveness curves is
distinct from every other, but the collection efficiencies listed in
Table 2.2.2 are much more similar than would be initially suspected by
comparing the effectiveness curves. This is so because typically a
third to half of the mass in the aerosol size distributions examined
is in the size region where the collection effectiveness of the
samplers is close to 100%.

Three inter-sampler collection efficiency comparisons are

relevant to the interpretation of IP Network data:

1. IP inlets (both dichotomous sampler and HIVOL size-selective
inlets) to the standard HIVOL inlet

2. Dichotomous sampler inlets to the HIVOL size-selective inlet

3. The hypothetical 10 um inlets to dichotomous sampler and
HIVOL size-selective inlets

The first comparison is important because of the plethora of
HIVOL measurements available and the desire to develop a predictive
model allowing IP concentrations to be predicted from TSP data. Such
a model is formulated in Chapter 8 of this report. The fraction of
measured TSP which would be measured as IP by the network samplers
under various wind speeds and particle size distributions can be
estimated by this comparison and is given in Table 2.3.1.

For the SSI measurements, which show no wind speed dependence,
this ratio increases with increasing wind speeds. In contrast, for

the TOTAL measurements with the Sierra dichotomous sampler, the ratios
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decrease with increasing wind speeds. These ratios also depend on the
particle size distribution being sampled; at typical wind speeds of

8 km/hr and 15 km/hr, the SSI/HIVOL ratios range from .72 to .93 while
corresponding TOTAL/HIVOL ratios extend from .68 to .91. For the
urban average (P = .33) distribution at typical wind speeds, the
SSI/HIVOL ratio is .72 and the TOTAL/HIVOL ratio is .68.

The second comparison demonstrates the extent to which inlets on
samplers which are intended to measure the same fraction of the
aerosol mass, the IP fraction, can be expected to do so. The ratios
of collection efficiencies of these samplers tabulated in Table 2.3.2
show the degree of equivalency which can be expected under ambient
measurement conditions. As seen in the Table 2.3.2, the ratio of
collection efficiency of dichotomous samplers to HIVOL(SSI) is close
to, but generally less than 1.0. For the typical 15 km/hr wind speed
and urban average size distribution, the samplers measure the same
mass concentrations within 5% of each other. There is a discrepancy,
as noted earlier, between the Beckman and Sierra inlets at low wind
speeds; the Sierra inlet samples up to 22% more aerosol mass than the
Beckman or SSI according to these tests. At high wind speeds, a
substantial difference, approaching 25% between TOTAL and SSI samples,
is apparent. To reiterate, this treatment involves only the
penetration properties of the inlet and does not consider the
adsorption or loss of gases by the filter media or passive deposition
on filters during sampler standby periods prior to and after sampling.

The final comparison is important to relate conclusions drawn
from a measurement system with a 15 um cut-size to a standard which
would possibly address the mass fraction in the 0 to 10 um size
range. The ratios of the hypothetical 10 um inlet (s = 1.35)
collection efficiencies to the TOTAL and SSI efficiencies appear in
Table 2.3.3. For the urban average aerosol (P = .33) and 15 km/hr
wind speeds the 10 um inlet would collect 87% of the mass collected by
a Sierra dichotomous sampler and 82% of the mass collected by a HIVOL
with a size-selective inlet. These factors, rounded to reflect their
uncertainties, .9 for TOTAL measurements and .8 for SSI measurements,
can be used to estimate mass concentrations in the 0 to 10 um size

range from existing IP measurements. These factors must be used with
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TABLE 2.3.2

RATIOS OF DICHOTOMOUS SAMPLER COLLECTION EFFICIENCIES TO
HIVOL SIZE-SELECTIVE INLET COLLECTION EFFICIENCIES AS A
FUNCTION OF WIND SPEED AND PARTICLE SIZE DISTRIBUTION

TOTAL/SSI
(Sierra) (Beckman)
Aerosol % Wind speed Ranges of
Classification Fine S km/hr 15 km/hr 40 km/hr 2 km/hr Ratio
Average (Whitby) 33 1.12 .96 .83 .97 .83 to l.12
50 1.07 .98 .88 .98 .88 to 1.07
Urban Average 33 1.22 .95 .76 1.00 .76 to 1.22
(Lundgren) 50 1.14 .95 .85 .98 .85 to 1.14
Background (Whitby) 33 1.08 .98 .86 .96 .86 to 1.08
50 1.06 .98 .90 .98 .90 to 1.06
Marine (Whitby) 33 1.14 .97 .84 .98 .84 to 1.14
50 1.08 .97 .89 .99 .89 to 1.08
TABLE 2.3.3
RATIOS OF HYPOTHETICAL TEN MICRON INLET COLLECTION EFFICIENCIES TO
IP SAMPLER COLLECTION EFFICIENCIES AS A
FUNCTION OF WIND SPEED AND PARTICLE SIZE DISTRIBUTION
(Slope of 10 um collection effectiveness curve is 1.35)
10 um/TOTAL 10 um/Total 10 um/SSI
(Sierra) (Beckman)

Aer"o'sol . % Wind Speed Range of
Classification Fine 5 km/hr 15 km/hr 40 km/hr 2 km/hr Ratios
Average (Whitby) 33 .78 .90 1.05 .89 .87 .78 to 1.05

50 .84 .93 1.03 .93 .90 .84 to 1.03
Urban average 33 .67 .87 1.07 .82 .82 .67 to 1.07
(Lundgren) 50 .77 .92 1.04 .88 .88 .77 to 1.04
Backsrgugd . 33 .83 .92 1.04 .93 .89 .83 to 1.04
an rban Plume 50 .87 .94 1.03 .94 .92
(Whithy) 9 .87 to 1.03
Marine (Whitby) 33 .76 .90 1.04 .88 .87 .76 to 1.04
50 .84 .94 1.03 .93 .92 .84 to 1.03
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great care, however, with full recognition of the range of values they
can take under different wind speed conditions and aerosol size
distributions. It appears that the present IP Network sampling
configuration overestimates 0 to 10 um mass concentrations by 10% to

20%.

2.4 The SURE Sampling Inlet Characteristics

Several other samplers can be said to measure FP and IP. Not all
have undergone wind tunnel characterization and it is inappropriate to
examine them here. Lioy et al (1980) and Camp et al (1978) mention
several of them. The sequential filter sampler designed especially
for the Sulfate Regional Experiment (SURE, Mueller and Hidy et al,
1981) is important because it acquired time-resolved (3-hr samples,

8 samples/day) of IP and FP at nine sites in non-urban areas of the
eastern United States during 1977 and 1978. Some of these data will
be summarized in Chapter 6 to assess non-urban concentrations of IP
and FP, so it is important to relate the collection characteristics of
these samplers to those in the IP Network.

The collection effectiveness curves at different wind speeds for
the SURE IP and FP samplers are given in Figure 2.4.1. The 1P 50%
cut-size is 9 + 3 um, depending on wind speeds. Table 2.4.1 compares
the SURE IP collection efficiencies with those of the HIVOL, SSI and
hypothetical 10 um inlets.

Most of the SURE sampler collection efficiencies at 2 km/hr and
8 km/hr wind speeds are at or slightly below the lower limit of the
acceptable performance range for 15 um inlets; the collection
efficiencies at 24 km/hr are significantly less than this lower
limit. The variability of collection efficiency with respect to
particle size distributions and wind speeds is similar to that
exhibited by the Sierra dichotomous samplers in Table 2.2.2. For the
size distributions studied, the SURE IP sampler should yield mass
concentrations equal to 80% to 90% of those which would be measured by
a Sierra sampler. Since all SURE sites were non—urban, with average
wind speeds of 10 to 15 km/hr, the efficiencies calculated for the
background and urban plume (P = .50) size distribution at 8 km/hr for

the SURE sampler and 15 km/hr for the Sierra sampler provide the most

2-18



i 1 i

100
Acceptable

90 Performance =
Range, RTI
801 A SURE FINE -

B : SURE SFS 24km/hr
C : SURE SFS 8km/hr |
D : SURE SFS 2km/hr

Particle Collection Efficiency 9%
wn
<

0 05 10 15 20 25 30 35 40
In(D)

T ¢ L 7830 15 b 30 40 50 6070
Aerodynamic Particle Diameter (D) um

=
N

Figure 2.4.1 Collection Effectiveness of the SURE Sampler, Flow Rate 130 l/m3
(McFarland et al, 1980)
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appropriate comparison; in these cases the SURE samples would measure
aerosol mass concentrations equal to 90% of simultaneous Sierra
sampler measurements and 88% of simultaneous SSI measurements.

The SURE collection efficiencies at 8 km/hr most closely
approximate the hypothetical 10 um inlet (s = 1.35) of all inlets
evaluated here. For the urban average size distribution (P = .33),
the SURE measurement would exceed the 10 um measurement by 7% whereas
for the background and aged urban plume distribution (P = .50), it
would be 5% less than the 10 um measurement.

Because the uncertainties resulting from the different sampling
locations and sampling periods of SURE and IP Network measurements are
expected to be greater than the 10% difference in mass collection
efficiencies of SURE and dichotomous samplers, the two measures will

be treated equivalently in this report.

The SURE and dichotomous FP collection effectiveness curves are
nearly identical and intercomparison studies (Camp et al, 1978)
between the SURE FP and earlier models of the dichotomous sampler show
the mass concentrations measured to be equivalent.

The SURE data base presents a large quantity of size-classified
concentration measurements with established accuracy and precision
which can be used to characterize non-urban IP and FP concentrations
in the eastern United States. The SURE IP measurements may more
closely approximate those which would be made with a 10 um cut-size

inlet than the IP Network measurements.

2.5 Comparison of Calculated and Measured Relative Collection

Efficiencies

The collection effectiveness curves and the collection
efficiencies derived from them in the previous sections are based on
laboratory measurements and certain assumptions about size
distributions which may not be valid under ambient sampling
conditions. Since many IP Network sites ran HIVOL, SSI and TOTAL
samples simultaneously, it is possible to compare the ratios of mass
concentrations collected with these samplers to those presented in

Tables 2.3.1 and 2.3.2.
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These average ratios for TOTAL/HIVOL, SSI/HIVOL, and TOTAL/SSI
for various site type classifications are tabulated in Tables 2.5.1,
2.5.2 and 2.5.3, respectively. Other researchers' measurements with
the same types of samplers have also been tabulated (several other
references with sampler comparison results were reviewed, e.g. Kolak
and Visalli (1981), Camp et al (1978), Dzubay and Stevens (1975),
Trijonis et al (1980), but results were not included because the
sampling inlets differed from those used in the IP Network).

Three methods have been used to establish the relationships
between simultaneous measurements of two samplers, the average ratio,
the ratio of averages, and the slope of a linear regression between
one measurement and the other. Results of each of these methods have
been placed in Tables 2.5.1, 2.5.2, and 2.5.3 because, as can be seen
for TP Network data used in this study, they are not the same. By
listing all three relationships it is possible to compare the
inter-sampler relationships of the IP Network with those of other
networks. The average ratio should be compared with the calculated
values in Tables 2.3.1 and 2.3.2. The final column in each one of
Tables 2.5.1, 2.5.2, and 2.5.3 contains the calculated ratios which
are closest to the measured ratios. The samplers, size distributions
and wind speeds corresponding to these ratios are listed in the notes
for each table.

The three TOTAL/HIVOL relationships in Table 2.5.1 show a
substantial variability for the same data. For all site types
combined, the linear regression slope is the lowest at .60 while the
average ratio is the highest at .73. This trend persists for all site
types. The linear regression slopes found in this analysis of 1P
Network data are consistent with those found by Suggs et al (1981b)
(using measurements from the same network), Miller (1980), Wendt and
Torre (1981), Pashel et al (1980) and Grantz (1981). The ratios of
averages found by this study, Suggs, and Grantz are in reasonable
agreement while those reported by Miller are approximately 257% lower
than the others. The average ratios reported by Suggs are lower than
those found in this study even though the basic data set is the same.
This is due to the different methods of calculation and the different

data validation procedures used (Section 3.4 of this report describes
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those procedures). This comparison of measurements from different
researchers using the same samplers highlights the difficulty of
determining an experimental relationship between the collection
efficiencies of different samplers. The data chosen and the methods
of summarizing those data must be carefully considered.

The calculated ratios summarized in the final column of
Table 2.5.1 come from size distributions and wind speed conditions
which are plausible for the site types. For example, urban average
distributions with wind speeds from 2 to 15 km/hr exhibit calculated
ratios very similar to those measured at urban industrial, commercial
and residential sites. Similarly, for rural agricultural sites the
ratio for the average size distribution at 15 km/hr is the most
similar.

Substantial variability in the individual ratios exists, as
evidenced by the large standard deviations (which range from .14 to
.28 for different site types). This is reasonable since the size
distributions and the wind speeds vary significantly for the periods
of time and geographical distances over which the samples were taken.
The close agreement between the calculated and measured ratios lends
credence to the model of Section 2.2 and to the results of Section 2.3.

The three SSI/HIVOL relationships of Table 2.5.2 do not show the
same trend as the TOTAL/HIVOL relationships. In this case, though the
linear regression slopes are usually the lowest (except in the case of
negative intercepts), the ratio of averages is greater than or equal
to the average ratio. The calculated SSI/HIVOL ratios for the urban
average size distribution with 2 to 8 km/hr wind speeds are in fair
agreement with the average ratios measured at each site type.

The TOTAL/SST relationship is an important one, since both of
these samplers are being used to estimate inhalable particulate matter
concentrations. The calculated ratios in Table 2.3.2 show that the
calculated equivalency of the two samplers varies up to 24% with size
distribution and wind speed, though TOTAL/SSI ratios under typical

wind speed and particle size conditions are approximately .95.
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Table 2.5.3 compares the IP Network measured average TOTAL/SSI
ratios with the calculated ratios. Most average ratios are fairly
close to unity, though the size of the standard deviations indicates a
large amount of variability. This variability is evident from the
scatterplot of simultaneous TOTAL and SSI measurements in Figure 2.5.1.

The measured ratios at suburban sites are significantly less than
those at the urban sites and are similar to those calculated for
unlikely size distributions and wind speed conditions for these
sites. Most of the suburban measurements were made during 1980
whereas greater than half of the urban measurements were taken in
1979. Different SST and HIVOL filter media were used during each
year, and it appears that the adsorption of sulfur and nitrogen
containing gases on the 1980 filter medium is significantly higher
than that on the 1979 filter medium. Since the TOTAL filter medium
remained the same, the TOTAL/SSI ratio would decrease in 1980 if this
adsorption contributed to SSI mass measurements. It is impossible to
quantify this effect since the filter medium used for individual
samples is not reported with the measurements. The magnitude of this

artifact is discussed in Chapter 3.

This lengthy treatment of the particle size collection
characteristics is of great importance to the formulation of
monitoring requirements for estimating compliance with a
size-classified standard as well as interpreting 1P Network
measurements. The following observations are applicable to these

subjects:

® Though dichotomous sampler inlets do not meet the stated
collection effectiveness requirements of Ranade and Kashdan
(1979), they do meet the collection efficiency requirements
under typical wind speeds and particle size distributions.
HIVOL(SSI) samplers attain both collection effectiveness and
collection efficiency requirements. Criteria for particle
size collection efficiency for acceptable sampling devices
should be specified in addition to or in place of criteria
for collection effectiveness. The efficiencies of samplers
which would fall within the window of Ranade and Kashdan
(1979) range from 47 to 71% for a typical urban size
distribution. A sampler with an effectiveness curve
designed to meet the lower limit would sample 66% of the
mass of a sampler designed to correspond to the upper
limit.
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Present wind tunnel testing of inlets provides useful
comparisons of collection effectiveness. It is not certain
that all such tests are equivalent. Standardized methods of
evaluating collection effectiveness and efficiencies should
be devised and applied to all samplers used for evaluating
compliance with a standard. These methods might include
wind tunnel measurements, sampling of standard aerosol size
distributions, and simultaneous ambient sampling with
established inlets.

Inlets with 10 um 50% cut-sizes can be expected to collect
between 80 and 90% of the mass collected with the present
dichotomous and HIVOL size-selective inlets.

HIVOL(SSI) and TOTAL inlets sample equivalent mass
concentrations within 5% of each other under typical
situations. However, under low or high wind speeds, in
particle size distributions with much coarse material, or
when interferences are present in one or both of the
samplers, this equivalency degrades.

The integration of the product of particle size distribution
and collection effectiveness provides useful information on
the average relative mass collection efficiencies of
different samplers. Results of this model agree with
average ratios determined from ambient measurements. These
average ratios show substantial variability and a knowledge
of the ambient particle size distribution and wind speed
during ambient sampling is required to truly test the model.
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CHAPTER 3
THE INHALABLE PARTICULATE MATTER SAMPLING NETWORK
MEASUREMENT PROCESS

This chapter briefly summarizes the measurement of suspended
particulate matter in the Inhalable Particulate (IP) Network. 1In
later chapters, reference will be made to the information on sampler
siting, sampling and analysis procedures, data validation and
measurement precision presented in this chapter. Much of this

information 1s included as a reference for future as well as present

uses of IP Network data because it is not easily available elsewhere.
3.1 Sampler Locations and Site Descriptions

Pollutant concentrations and the causes of those concentrations
vary over many geographical scales. A monitoring network design is
expected to define the geographic scale over which pollutants are to
be measured in accordance with the purposes for which measurements are
being made and samplers must be placed in locations that are not
influenced by pollutant sources which are significant contributors on
a smaller scale. Table 3.1.1 shows the types of scales and the

nominal separation of samplers required to represent those scales.

TABLE 3.1.1
STUDY SCALES
(Federal Register, 1979)

Nominal Sampler
Separation (km)

Study Scale

Global 1,000
Regional 100
Urban 10
Neighborhood 1
Middle .1
Micro .01
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TABLE 3.1.2
DESCRIPTION OF ENTRIES IN TABLE A.l1 OF APPENDIX A

1. Code for Location and Land Use (Column 1)
Location Land Use

Industrial Commercial Residential éggicultural Remote
Urban 11 12 13 14 15
Suburban 21 22 23 24 25
Rural 31 32 33 34 35

A pair of numbers followed by "?" designates an uncertain

classification.

2. Code for microinventory, Local or NAMS hardcopy, NAMS soft copy.
"%" means a site survey is planned.

"0" means no site survey is planned.

"1" means a site survey has been made.

"2" means.a site survey has been made but it is incomplete.

3. Site Elevation above sea level in feet.

4, Probe height above ground in meters.

5. SAROAD code: First two digits - state code

Next four digits -~ county, city or district code

Last three digits ~ Site 1D



and rural descriptors. The urban areas are characterized by closely
spaced and heavily traveled highways, closely spaced single and
multiple family dwellings, concentrated commercial establishments, and
population densities of greater than 2,000 people/mi2 or more. The
suburban areas contain a small number of heavily traveled highways
(usually an Interstate beltway, spur or connector), a large number of
access roads, widely spaced, single family dwellings, widely separated
shopping centers and population densities of the order of 2,000
people/miZ. A rural area is characterized by few roads, scarcely
traveled, dwellings separated by 1 km, open or forested areas and
population densities less than 500 people/miZ.

The second digit of the site descriptor refers to the types of
land uses within approximately a 1 km radius of the sampling site. An
industrial area contains one large or several moderately sized
manufacturing facilities which commonly emit some form of air
pollutant. A commercial area contains stores, parking lots and office
buildings. A residential area consists primarily of dwellings, an
agricultural area of fields, and a remote area of mountains, forests
or meadows.

These classifications were given on the basis of site surveys if
they were available. In the absence of site surveys, the

classification assigned to a site in the Directory of Air Quality

Monitoring Sites (USEPA, 1978a) was adapted to the previously

described scheme (the classification in this directory is slightly
different from the one presented here). Three types of site survey
were used, and their existence for a particular sampling site is
indicated by a code from the second section of Table 3.1.2 in columns
3, 4 or 5 of Table A.1 of Appendix A.

The most detailed site survey is the microinvetory developed by
Pace (1979). This survey includes a detailed map of the area within
1/2 km of the sampling site noting roads, traffic counts, open fields,
storage piles, and any visible emissions. Major point and area
sources are identified within a 1.5 km radius of the site and major
point sources are plotted within 8 km of the site. Estimated emission
rates are assigned to each source and summed over a set of predefined

sectors. Photographs in each of the cardinal directions are
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included. Sampling configuration (probe height, equipment, location,
etc.) is also described. Microinventories were supplied by the EPA
Office of Air Quality Planning and Standards (OAQPS) for the thirteen
sites indicated in Table A.1 of Appendix A.

Several of the sites have been designated as National Air
Monitoring System (NAMS) sampling sites. One of the requirements of a
NAMS site is that it be subjected to a NAMS hard-copy site survey.
This survey includes the 1/2 km map, identification of point and area
sources, optional photographs, and configuration description, but it
contains no estimates of relative emission rates. These hard-copy
surveys were performed in Buffalo, NY and Philadelphia, PA as part of
this project. Others were supplied by OAQPS. Surveys for Phoenix, AZ
were taken from Richard and Tan (1977) and for El Paso, TX and
Houston, TX from Price et al (1977).

The assignment of a two digit site-classification code was made
by the authors of this report based on their review of the existing
information. Table 3.1.3 summarizes the environs in the vicinity of
each site which was identified by the survey and used to assign a
site-type classification. This table provides a more detailed
description to supplement the two digit codes.

A NAMS soft-copy survey, the existence of which is noted in
column 5, is a computer generated listing of site coordinates,

configuration and classification according to the Directory of Air

Quality Monitoring Sites (USEPA, 1978a) criteria. The presence of

nearby roadways or industries is often, but not always, noted on the
survey. The site-type classifications from the soft~copy survey and
the Directory are less accurate than those derived from the more
extensive surveys because they lack detailed descriptions of the local
environments. Of the 108 sites listed in Table A.1 of Appendix A, 42
presently have hard-copy surveys or microinventories and 27 are meant
to have surveys taken in the near future. These detailed surveys of
the sampling environment are necessary to understand the types of

sources which may be contributing to the suspended particulate matter
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concentrations at each site. Surveys of the remaining 39 sites should
be planned before the termination of the IP monitoring program to
complete the record.

Table A.1 of Appendix A contains other information about the
sites. The elevation above sea level, the EPA SAROAD identifier, the
UTM coordinates, and the sampler height above ground level are in
columns 6 to 10. Columns 11 and 12 present the inclusive sampling
dates from which measurements were drawn for the majority of the work
in this report. Because this amount of data was insufficient for some
purposes, data which became available later in the study were added to
this set. This will be noted when the data are presented. The final
three columns denote the presence (1) or absence (0) of HIVOL,
HIVOL(SSI), and dichotomous samples, respectively, for the designated

period.
3.2 Filter Media

In recent years certain filter media have been found to bias the
measurement of suspended particulate matter. This section examines
the extent of those biases in IP filter media. Special attention is
given to the change of SSI and HIVOL media between 1979 and 1980 and
the effect this change could have on ion mass concentration
measurements.

To aaequately quantify ambient mass concentrations of suspended
particulate matter, the filter media selected for sampling should have
collection efficiencies greater than 95 to 99% for all particle sizes,
should have tensile and mechanical strength to withstand sampling,
analysis and transport, should present a low enough flow resistance to
its sampler that an adequate aerosol deposit can be obtained, and
should be free of interferences and variable blank concentrations that
might affect measurements to be made on the aerosol deposit.

The fiber filters used for HIVOL and SSI sampling and the Teflon
filters used for dichotomous sampling generally meet all of the
criteria except for that of blank levels and interferences.

Stevens et al (1978) have evaluated the Ghia Teflon filters for
blanks and interferences and found them generally acceptable for the

IP Network measurements except for the possible loss of nitrate. The
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glass fiber filters are another story. Two types of fiber filter were
used in the IP Network; HIVOL and SSI samples in 1979 were taken on
Microquartz fiber filters (Walling, 1981) while those after 1980 were
taken on Schleicher and Schuell (S&S) HV-1 EPA grade glass fiber
filters with an organic binder (Rodes, 1981).

Sixteen samples of blank quartz filters and two samples of blank
S&S filters of the same type which were used in the IP Network were
submitted to automated colorimetric and carbon analysis as described
in Section 3.3. The blank values for sulfate and nitrate
concentrations for Microquartz filters used during 1979 were .08 and
.03 ug/cm2 (equivalent to .02 and .0l ug/m3 if 1600 m3 are
sampled) and .34 and .05 ug/cm2 for S&S filters (Clark, 1981,
Walling, 1981). The total carbon and total organic carbon blanks for
quartz filters were measured by the authors of this report to be
7.5 + 3.5 and 5.2 + 2.2 ug/cm2 (1.9 + .9 and 1.3 + .6 ug/m3). The
total carbon and organic carbon measured on two S&S filters were
186 + 23 and 118 + 10 ug/cm2 (47 + 6 and 30 + 2.5 ug/m3),
respectively.

While the sulfate and nitrate blanks of both filters are lower
than most ambient levels, the high levels and variability of the
carbon blanks make the S&S filter unacceptable for carbon analysis.
The quartz filter carbon blank is variable, but it is lower than most
ambient carbon levels. The quartz blank could probably be reduced by
pre—firing the filter before initial weighing. Because the organic
binder is an integral part of the the S&S filter, pre-firing might
damage it.

Also of great concern is the possibility of artifact formation of
sulfate and nitrate; not only would these artifacts bias sulfate and
nitrate concentration measurements, they would also bias the mass
measurements. There 1s substantial evidence for sulfate and nitrate
artifacts on commonly used HIVOL filter media. It has been shown that

Thus sulfate

filters can adsorb 50, which is oxidized to SO4
measurements on the filter represent both ambient sulfate and artifact

sulfate. The factors affecting artifact sulfate formation have been

reported to be filter alkalinity, SO2 concentration, humidity,
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temperature, and volume of air pulled through the filter (Coutant,
1977, Pierson et al, 1980). Coutant estimated the range of normal
sampling error due to S0, adsorption on a basic filter (like glass
fiber) to be between .3 to 3 ug/m3. Shaw et al (1981) found that

mass and sulfate collected by the SSI were higher than simultaneous
TOTAL mass and sulfate measurements. They hypothesized that the extra
mass was due primarily to sulfate artifact and, to a lesser extent, to
the combination of the positive and negative nitrate artifacts.

Nitrate sampling errors are primarily due to gaseous nitric acid
in the atmosphere and have been shown to be substantial for glass
fiber filters (Spicer and Schumacher, 1977; Appel et al, 198lb;
Meserole et al, 1979). The use of an inert filter, such as Teflon, to
minimize the positive nitrate interference is prone to a negative
interference resulting from the volatilization of HNO3 (Appel et al,
1981b, Pierson et al, 1980).

Filter media may not be the only factor influencing the reported
nitrate concentrations measured with IP Network samplers, however. In
a field test of four samplers in California, Wendt and Torre (1981)
found that the particulate nitrate collected by the SSI averaged
3.8 ug/m3 less than that of the corresponding HIVOL samples. It was
hypothesized that the observed difference was due to loss of gaseous
nitric acid on the aluminum surface of the size-selective inlet.
Analysis of washings of the aluminum surface accounted for 92% of the

missing nitrate (or HNO_, vapor). They found no difference in

sulfate concentrations getween the SSI and HIVOL samples. Appel
(1981a) is currently investigating the potential of artifact formation
for different filter media used by EPA.

The IP Network measurements offer the possibility of evaluating
the difference in artifact formation properties of IP Network
filters. Because the data are sparse and preliminary, this evaluation
must be considered illustrative rather than definitive. It does
provide a motivation for further study of IP Network filter mdeia. It
also raises some cautions about the interpretation of sulfate, nitrate
and even mass measurements made in the IP Network. For this report,

the IP mass concentration data were separated into two subsets, 1979

(quartz) and 1980 (S&S), to evaluate the changes which might have
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occurred because of the switch in the filter medium. The geometric
and arithmetic averages, standard deviations, and number of samples
for the ambient aerosol concentrations as measured by HIVOL, SSI, and
dichotomous samplers are given in Table 3.2.1. The cumulative
frequency distributions for all measurements at all sites were also
plotted to see if any changes were evident before and after 1980;
these plots showed the 1980 distribution shifted several ug/m3

higher than the 1979 distribution for HIVOL and SSI, but not for 1979
and 1980 TOTAL mass concentrations.

As seen in the Table 3.2.1, the COARSE average as sampled by the
dichotomous sampler remained the same from the 1979 to the 1980
subset, while the FINE average decreased. This is reflected in the
TOTAL arithmetic average which decreased from 47 to 43 ug/m3. The
HIVOL and SSI arithmetic averages increased from 70 to 71 ug/m3 and
54 to 58 ug/m3, respectively. Though these increases were not
large, the trend was opposite that of the dichotomous sampler.

A rough estimate of the additional average mass collected by the
S&S filters over the quartz filters is tabulated in Table 3.2.2. The
assumption is that if the quartz filter had been used in 1980, the
ratio of average SSI (1980) to SST (1979) and average HIVOL (1980) to
HIVOL (1979) would be the same as average TOTAL (1980) to TOTAL (1979)
ratio. As seen in the Table 3.2.2, the average mass concentration
measured on S&S filters seems to be higher than that measured on
quartz filters by about 7 ug/m3 for both SSI and HIVOL. This
amounts to about 11% additional mass measured for HIVOL and 17%
additional mass for SSI with the use of S&S filters. The slightly
larger additional mass for SSI, if it could be attributed to artifact,
might be due to the lower flow rate for the SSI (Coutant, 1977) as
compared to the HIVOL (the SSI flow rate is 40 cfm while the HIVOL
flow rate is 50 cfm) which would make the relative increase of the SSI
average mass higher than that of the HIVOL mass if the 302
adsorption reached saturation during the sampling period. Thus, mass
measurement comparisons show that, on an average, 7 ug/m3 of

additional mass was collected in 1980 over that collected in 1979.
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TABLE 3.2.1

COMPARISONS OF ARITHMETIC AND GEOMETRIC AVERAGE MASS CONCENTRATIONS
FOR HIVOL, SSI, TOTAL, FINE AND COARSE

TAKEN IN 1979 AND 1980

Geometric Average (ug/m3) and
Standard Deviation

Arithmetic Average (ug/m3)
and Standard Deviation

1979

1979 1980
Category Avg Std Dev Avg Std Dev
Hivor? 58 2 60 2
(1,041)¢ (1,046)
ss1? 47 2 51 2
( 316) (  455)
T0TALP 40 2 37 2
( 714) ( 795)
FINED 22 2 18 2
( 714) ( 795)
COARSE? 16 2 16 2
( 714) ¢ 795)

70 44
(1,041)

54 30
( 316)

47 31
( 714)

26 18
( 714)

21 18
( 714)

71

1980
Avg Std Dev Avg Std Dev

42

(1,046)

58
(

43
(

22
(

21
(

3Sampling done using quartz filters for 1979 subset while S&S

filters were used in 1980.

bpichot omous samplers employed Teflon filters throughout.

CNumber of measurements in average.
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TABLE 3.2.2
COMPARISON OF MEASURED ARITHMETIC AVERAGE CONCENTRATIONS IN
1980 ON S&S FILTERS TO THOSE PREDICTED
FROM 1979 MEASUREMENTS ON QUARTZ FILTERS

Arithmetic Average
Concentrations in ug/m3

HIVOL SS1
1980 Arithmetic average 71 58
from S&S filter
measurements
1980 Arithmetic average 64 49
predictedd from 1979 quartz
filter measurements
Difference 7 9

30btained by multiplying the 1979 averages for HIVOL and SSI by .915,
the ratio of arithmetic average TOTAL in 1980 to TOTAL in 1979.

TABLE 3.2.3

COMPARISON OF 1979 and 1980 ARITHMETIC
AVERAGES OF MASS CONCENTRATION RATIOS

SSI/HIVOL TOTAL/HIVOL TOTAL/SSI
Avg Std Avg Std Avg Std

1979 (Quartz) + 734 <124 .783 .158 1.078 .226

(293)a (578) ( 86)
1980 (S&S) .715 .150 .668 .178 .902  .206
(390) (557) (179)

a .
Number of measurements in average.
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These averages do not result from simultaneous measurements, and
they could be different just because the data sets from which they
were derived were different. However, one possibility is that
additional mass collected by the 1980 SST and HIVOL samples is due to
a sulfate and, to a lesser extent, a nitrate artifact which occur on
the S&S filters but not on the quartz filters.

The same conclusion is drawn from the comparison of 1979 and 1980
arithmetic average ratio measurements given in Table 3.2.3. These
ratios are calculated from measurements made at the same site at the
same time. The average ratios of TOTAL/SSI and TOTAL/HIVOL decrease
by about 15% from the 1979 to the 1980 subset. This corresponds to
about 7 ug/m3 of additional mass collected, on an average, by HIVOL
and SSI samplers in 1980 over that collected in 1979. The ten percent
difference between the TOTAL/SSI ratios is similar to that noted in
Section 2.5.

The portion of the additional 1980 mass attributable to sulfate
and nitrate artifacts can be estimated by comparing the sulfate and
nitrate concentrations measured on SSI, HIVOL, and TOTAL samples taken
during 1979 and 1980. Once again, since the number of data points is
small, this comparison cannot be considered conclusive. The 1979
scatterplots for nitrate are not included because nitrate measured on
SSI was close to the lower quantifiable limit.

Figures 3.2.1 a and b are scatterplots and linear regression
parameters of the TOTAL/SSI sulfate measurement from samples taken
during 1979 and 1980, respectively. 1In 1979, the simultaneous
measurements were nearly equal for all samples considered. The linear
regression slope of 1.06 shows overall equivalency within experimental
precisions. The data points approach zero for TOTAL and SSI
measurements. In 1980, the TOTAL sulfate was considerably less than
the concurrent SSI sulfate in almost all cases. The linear regression
slope is .68, a considerable reduction from that calculated for 1979
measurements and well outside the bounds imposed by normal measurement
precisions. The 1980 plot shows minimum sulfate concentrations of
approximately 3 ug/m3 for SSI measurements even though the TOTAL
sulfate concentrations approach zero. The maximum absolute amount by
which an individual SSI sulfate measurement exceeded a TOTAL
measurement in 1980 was 8 ug/m3 while it was only 3 ug/m3 for the

1979 data. 3-18
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Similar observations do not apply to the comparison of
simultaneous HIVOL and SSI sulfate measurements for 1979 and 1980
presented in Figures 3.2.2 a and b. The two measurements during both
years are nearly equal, with linear regression slopes which do not
significantly differ from unity. This is to be expected when filter
media for simultaneous SSI and HIVOL samples are the same, either
quartz or S&S; any artifact is the same on both samples. These
figures also show that most sulfate is contained in particles with
diameters less than 15 um.

The TOTAL/SSI and HIVOL/SSI nitrate comparisons are plotted in
Figures 3.2.3 and 3.2.4, respectively, for 1980 data; SSI nitrate
measurements from 1979 were inadequate to form such a comparison for
that year. There is little agreement between TOTAL and SSI
measurements, though SST is almost always in excess of TOTAL. The
combination of a variable loss of nitrate from the TOTAL and a gain of
nitrate on the SSI samples could account for the discrepancies. In
the extreme case, one SSI nitrate concentration exceeded the
corresponding TOTAL nitrate concentration by 5 ug/m3. SSI nitrate
concentrations approach a minimum on the order of 1 ug/m3. The
SSI/HIVOL nitrate comparison for 1980 exhibits the same properties as
those shown by the corresponding sulfate plots; the measurements are
essentially equivalent.

If the sulfate and nitrate on the Teflon filters are used to
estimate the actual ambient concentrations, the linear regression
lines corresponding to Figures 3.2.1 and 3.2.3 can be used to estimate
the additional mass collected on S&S filters due to artifact
formation. Average TOTAL sulfate and nitrate concentrations from
various sampling sites are tabulated in Chapter 9 of this report and
are of the order of 10 ug/m3 for sulfate and 2 ug/m3 for nitrate.

The linear relationships of Figures 3.2.1 and 3.2.3 yield expected SSI
concentrations of 14 ug/m3 sulfate and 4.3 ug/m3 nitrate. This
amounts to approximately a 6.3 ug/m3 increase in average mass
concentrations which could be attributed to artifact formation, an
amount very close to the average mass concentration differences of

Table 3.2.2.
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It should be cautioned once again that the above observations are
based on scatterplots made using 18 to 19 data points. However, all
evidence points in the same direction: filter artifacts due to the use
of the S&S filter for IP sites in 1980 could account for a significant
part of the difference between SSI and TOTAL average mass measurements
and can bias the reported sulfate and nitrate concentrations.

For a variety of reasons, EPA has changed the type and
manufacturer of the filter media which are used in its ambient
monitoring networks. This procedure poses serious problems to the
interpretation of data. As pointed out in this section, the switch
during 1980 to S&S filters resulted in possible biases of sulfate,
nitrate and mass measurements. Also, S&S filters have very high and
variable total carbon blank values which makes carbonaceous aerosol
analysis by combustion methods impossible. Switching of filter types
also limits the use of data for long term trend analysis. It is not
too unusual to analyze for the first time or to reanalyze samples

collected years ago. This limits the potential use of such samples.

3.3 Network Operations

Mass, elemental and ionic concentration measurements in the
Total, Inhalable, and Fine Suspended Particulate Matter are produced
by the IP Network Monitoring System (USEPA, 1980c). 1In addition to
these routine analyses, several special filters were selected for
optical microscopic and carbon analysis in addition to non-routine
analysis for ions and elements as part of this study and separate from
normal IP Network procedures. This section briefly describes the
analysis procedures followed for all of these measurements and lists
some of the limitations of the methods used.

The overall flow of routine tasks performed on the samples
collected is summarized in Figure 3.3.1. All the samplers in the
network were supplied by Environmental Protection Agency's
Environmental Monitoring Systems Laboratory (EPA/EMSL) and operated by
state or local agency personnel. The filters were weighed and sent to
sites by EPA/EMSL in Research Triangle Park, NC. The sampling was

carried out for 24 hours, midnight to midnight, every sixth day (or
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third day in some cases). The samples were returned to EPA/EMSL for
weighing and possible further analysis. Mass concentrations were
calculated for all samples. Sections of a selected number of filters
were submitted for chemical analysis to determine sulfate, nitrate,
and a variety of elemental concentrations. Sulfate and nitrate were
measured on all filters using automated colorimetry. Elemental
concentrations on HIVOL and SSI filters were measured by optical
emission spectroscopy and on Teflon filters by x-ray fluorescence.
Ion and elemental analyses were performed on approximately 25% of all

samples.
3.3.1 Filter Weighing

The HIVOL and SSI fibrous filters (8" x 10") were allowed to
equilibrate for at least 24 hours in a control box where relative
humidity was below 50% and temperature was between 15 to 35°C. The
weighing was done using a Mettler balance with a sensitivity of
.1 mg. Internal quality control was carried out by checking the zero
of the balance after every fifth weighing and by requiring immediate
investigation of any blank filter that weighed above or below the
range of 3.5 to 5.0 g. External quality control was carried out by
the reweighing of 4 filters out of each set of 100 by another
technician. If all of the reweights were within 2.8 mg of the
originai weight for blanks and 5 mg for exposed filters, all weights
were accepted. External audits by supervisory personnel were
conducted at unannounced times.

The Teflon membrane filters (37 mm) used with dichotomous
samplers were also equilibrated as desribed earlier and weighed using
a Mettler microbalance precise to + 1 ug. The exposed filters were
reweighed on the balance on which their tared weights were obtained.
The internal quality control was carried out by weighing a "standard"
filter, arbitrarily selected for that purpose, at the beginning of
each day. 1If the weight of the standard filter was not within 20 ug
of the established value, a full-scale balance checkout was undertaken

before regular filter weighing commenced. About 6 filters were
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reweighed by another technician for each balance per day. If the
reweights were not within 20 ug of the original value, the difficulty
was found and corrected and all filters were reweighed. The zero and
calibration of the balance was checked after every fifth weighing.
Any blank filter weight outside of the normal range of 90 to 110 mg
resulted in immediate investigation.

A unique sample identification number was assigned to each
filter. Fiber filters were placed in filter folders and Teflon
filters were placed in petri dishes which contained the sample ID for

shipment to and from the field.

3.3.2 Field Sampling

In the field, each filter was loaded into the sampler at the time
the previous sample was removed. Sample start and stop times were
controlled by mechanical or electronic timers and sample durations
were quantified by elapsed time meters. All Teflon filters were
handled while wearing disposable gloves. Fiber filters were handled
on the edges with bare hands.

Average flow rates before and after filter exposure were measured
for HIVOL and SSI samplers with a continuously recording Dickson
Mini-corder. This device provided a constant trace over the sampling
period so that the occurrence and duration of power or motor failures
could be evaluated. The Mini-corder was calibrated at 5 flow rates
every three months, when a motor or brushes were changed, or when
successive calibration checks disagreed by 10%Z or more. The
calibration standard was a variable resistance orifice calibrator
which was in turn calibrated once per year with a Roots meter.
Calibration was checked with the calibrated orifice by using a clean
filter to provide flow resistance; this check was performed every
other sample (approximately once each 12 days). Nominal flow rates
were 1.4 and 1.1 m3/min for HIVOL and SSI, respectively.

The Beckman SAMPLAIR dichotomous sampler was operated in a manual
mode controlled by a master timer independent of the sampler's
microprocessor unit. Initial flow rates through the FINE and COARSE

filters were 15.0 and 1.67 1/min, respectively, and were measured with
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separate rotameters. Flow rates were also measured following
sampling. Rotameters were calibrated at the factory and the total
flow rate (sum of flows through FINE and COARSE samples) was subject
to a one point check every other sample (approximately 12-day
intervals) using a calibrated orifice meter. Sierra 244 and 244E
dichotomous sampler flow rates were measured the same way.

The 1.67 1/min flow rate through the COARSE filter meant that
approximately 10% of the FINE particulate matter was deposited on the
COARSE filter. Corrections to the measured FINE and COARSE masses
were made as part of the data processing step.

Sample volumes were calculated from the average of initial and
final flow rates multiplied by the sample duration. Samples were
collected for about 24 hours every sixth day. The nominal volumes of
air pulled through HIVOL, SSI, and dichotomous samplers were 2000,
1600, and 22 m3, respectively.

3.3.3 Sulfate and Nitrate Analysis

Automated colorimetry was used for the analysis of ions from
HIVOL, SSI, FINE, and COARSE filters. All the analyses were done by
EPA/EMSL. Their procedures are summarized briefly.

Filters were extracted (1/12th of an exposed filter for SSI and
HIVOL, all of FINE and COARSE) in 40 ml of distilled deionized water
by sonication for 30 minutes followed by centrifuging at 2000 rpm for
20 minutes. For HIVOL samples, one ml of each extract was poured into
a specimen vial and the sample turntable rate was 40 samples per hour
with 2:1 sample to wash-time ratio. The sample tray run at the
beginning of each day was loaded with duplicate calibration
standards. Quality control standards were placed in every tenth
position.

Sulfate was determined using the methylthymol blue (MTB) method
(Technicon, 1972). The extract was first passed through an ion
exchange resin to remove the interferring cations. Then it was mixed
with a solution of MTB and barium chloride at pH 3 to 4. Sulfate ions

in the extract reacted with the barium to form barium sulfate, thereby
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lowering the ratio of barium to MTB. Sodium hydroxide was then added,
raising the pH to 11 or 12. At high pH, barium and MTB form a
blue-colored chelate. The excess uncomplexed MTB is gray. The amount
of uncomplexced MTB, monitored colorimetrically at 460 nm, is
proportional to the sulfate concentration.

Nitrate was determined using the cadmium reduction method in
which the sample was mixed with ammonium chloride, then passed through
a copperized cadmium column which reduced the nitrate to nitrite
(Technicon, 1976). A mixture of N-(l-naphthyl)ethylenediamine
dihydrochloride (NEDA), sulfanilamide and phosphoric acid was added to
the sample. The nitrite and NEDA reacted to form a pink dye with a
peak absorbance at 520 nm which was proportional to the nitrate
concentration.

Interlaboratory and intermethod comparison results of this method
(Mueller and Hidy et al, 1981) show it to be free of interferences and

with excellent reproducibility.
3.3.4 Elemental Analysis

The elemental analysis of HIVOL and SSI filters was accomplished
using inductively coupled argon plasma emissions spectroscopy (Lynch
et al, 1980) according to USEPA (1978b). Elemental concentrations on
HIVOL and SSI filters were reported in EPA data summaries for 11
different elements as shown in Figure 3.3.1 (USEPA, 1981a). To
extract the elements, 1" x 8" of each filter was placed in a

polypropylene centrifuge tube to which 12 ml of extracting acid

(2.23 M HC1, 1.03 M HNO,) was added. The mixture was ultrasonicated
for 50 minutes and 28 ml of distilled deionized water was added to the

tube. The mixture was centrifuged for 20 minutes at 2500 rpm. The
clear solution was then transferred to a 30 ml acid-clean
polypropylene bottle, taking care not to disturb the solids in the
bottom of the tube. The analysis was done on a Jarrell-Ash

Inductively Coupled Plasma Emission Spectrometer at EPA/EMSL. Two
quality control standards were prepared from the stock calibration

standards and run with each set of samples.
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The FINE and COARSE membrane filters were analyzed by x-ray
fluorescence analysis following the procedure described by Dzubay and
Rickel (1978) at Lawrence Berkeley Laboratory. Several additional
filter samples were analyzed by NEA Laboratories for this study for
Al, si, s, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Br and Pb.

X-ray fluorescence analysis is a non-destructive technique.
Samples go through this analysis prior to the colorimetric analysis
where they are destroyed. Atoms in the sample are excited from their
ground states to higher energy levels by x-radiation from x-ray
tubes. The energy emitted by atoms as they return to their normal
ground level is characteristic of the emitting element and is used to
quantitatively identify the element. Details on the replicate
analysis and calibration procedures are not available in USEPA
(1980). Elemental concentrations on FINE and COARSE filters are
reported in EPA data summaries for 15 different elements as shown in

Figure 3.3.1 (USEPA 198la).
3.3.5 Carbon Analysis

Total and organic carbon were determined for a selected subset of
S8SI and HIVOL filters at Environmental Research and Technology, Inc.
by the method of Mueller et al (1980). These measurements are not
part of the routine IP Network analyses undertaken by EPA/EMSL.

A Dohrmann DC-50 carbon analyzer was used for the determination.
A sample to be analyzed was load